In pancreatic ␤-cells, uncoupling protein 2 (UCP2) influences mitochondrial oxidative phosphorylation and insulin secretion. Here, we show that ␣-cells express significantly higher levels of UCP2 than do ␤-cells. Greater mitochondrial UCP2-related uncoupling was observed in ␣-cells compared with ␤-cells and was accompanied by a lower oxidative phosphorylation efficiency (ATP/O). Conversely, reducing UCP2 activity in ␣-cells was associated with higher mitochondrial membrane potential generated by glucose oxidation and with increased ATP synthesis, indicating more efficient metabolic coupling. In vitro, the suppression of UCP2 activity led to reduced glucagon secretion in response to low glucose; however, in vivo, fasting glucagon levels were normal in UCP2 ؊/؊ mice. In addition to its effects on secretion, UCP2 played a cytoprotective role in islets, with UCP2 ؊/؊ ␣-cells being more sensitive to specific death stimuli. In summary, we demonstrate a direct role for UCP2 in maintaining ␣-cell function at the level of glucose metabolism, glucagon secretion, and cytoprotection.
In pancreatic ␤-cells, uncoupling protein 2 (UCP2) influences mitochondrial oxidative phosphorylation and insulin secretion. Here, we show that ␣-cells express significantly higher levels of UCP2 than do ␤-cells. Greater mitochondrial UCP2-related uncoupling was observed in ␣-cells compared with ␤-cells and was accompanied by a lower oxidative phosphorylation efficiency (ATP/O). Conversely, reducing UCP2 activity in ␣-cells was associated with higher mitochondrial membrane potential generated by glucose oxidation and with increased ATP synthesis, indicating more efficient metabolic coupling. In vitro, the suppression of UCP2 activity led to reduced glucagon secretion in response to low glucose; however, in vivo, fasting glucagon levels were normal in UCP2 ؊/؊ mice. In addition to its effects on secretion, UCP2 played a cytoprotective role in islets, with UCP2 ؊/؊ ␣-cells being more sensitive to specific death stimuli. In summary, we demonstrate a direct role for UCP2 in maintaining ␣-cell function at the level of glucose metabolism, glucagon secretion, and cytoprotection.
ATP ͉ glucagon ͉ islet ͉ mitochondria ͉ diabetes B lood-glucose levels are tightly regulated by the islet hormones insulin and glucagon. Insulin is secreted from ␤-cells when glucose levels are high to increase glucose utilization, whereas glucagon is secreted from ␣-cells when glucose levels are low to elevate blood glucose. It is well established that ␤-cell dysfunction, resulting in a lack of insulin secretion, is a key event in the development of hyperglycemia that is associated with both type 1 and 2 diabetes (1, 2). In type 2 diabetes, ␤-cell dysfunction can in part be explained by the loss of proper glucose sensing, leading to abnormal insulin secretion. However, in both forms of diabetes, glucagon secretion can be dysregulated during hyper-and hypoglycemia (3, 4) , suggesting that glucose sensing by the ␣-cell is also impaired. For this reason, it is important to understand mechanistically how glucagon is regulated by glucose in normal and diseased states.
High plasma levels of glucose inhibit glucagon secretion; however, it is still unclear whether this in vivo response is mediated directly via glucose sensing or indirectly by neuronal modulation and/or paracrine/endocrine effects (5) (6) (7) (8) . Pancreatic ␣-cells, like ␤-cells, possess ATP-dependent K ϩ (K ATP ) channels; however, the metabolism/oxidation of glucose resulting in closure of the K ATP channels causes inhibition of glucagon secretion (9, 10) . It is suggested that N-type Ca 2ϩ channels modulate this alternate excitability downstream of K ATP -channel closure (10) . Glucose metabolism in ␣-cells generates a proton-motive force (pmf) in the inner mitochondria that drives the synthesis of ATP via ATP synthase. Uncoupling proteins (UCPs) are mitochondrial carrier proteins that can dissipate the proton gradient to prevent the pmf from becoming excessive when there is nutrient overload, which can reduce reactive oxygen species (ROS) produced by electron transport (11) . There are five mitochondrial UCP homologues in mammals (12) . The closely related UCPs are UCP1-3. UCP1 is mainly expressed in brown adipose tissue and UCP3 in muscle and adipose tissue, whereas UCP2 has been found in liver, brain, pancreas, and adipose tissue and immune cells (13, 14) . Specifically, UCP2 is expressed in pancreatic islets where its ␤-cell overexpression increases mitochondrial uncoupling, decreases mitochondrial membrane potential (⌬⌿ m ), reduces mitochondrial ROS production and cytoplasmic ATP content, and therefore attenuates glucose stimulated insulin secretion (GSIS) by antagonizing the K ATP -channel pathway (15) (16) (17) . Uncoupling processes have not been studied in ␣-cells where they could regulate ATP production and glucagon secretion. UCP2 may be cytoprotective in some cell types, such as macrophages, cardiomyocytes, and neurons (18, 19) , and thus expression of UCP2 in ␣-cells may modulate susceptibility to stress stimuli and influence cell survival (20) . This study aims to identify whether UCP2 is expressed in ␣-cells, and if so, to characterize the role it plays in regulating glucagon secretion and cell survival.
Results

UCP2 Is Constitutively Expressed in ␣-Cells of Mouse Pancreatic Islets.
The expression and localization of native UCP2 in intact and dispersed murine islets was assessed using specific polyclonal antisera against either the N or C terminus of UCP2, and the results showed identical staining patterns. Cells were costained for glucagon or insulin to identify ␣-and ␤-cells, respectively. Confocal laser scanning microscopy (CLSM) images from both dispersed islet cells ( Fig. 1 ) and intact islets [supporting information (SI) Fig. S1 A], reveal that UCP2 was mainly expressed in non-␤-cells (insulin-negative or glucagon-positive cells) ( Fig. 1 A and B) . UCP2 was not detected in islets from UCP2 Ϫ/Ϫ mice ( Fig. 1 C and D) . The expression of UCP2 was also evaluated in the cultured pancreatic cell lines ␣-TC6 and MIN6, which are glucagon-and insulin-secreting cells, respectively. UCP2 protein was strongly detected in ␣-TC6 but not in MIN6 cells (Fig. 2Ai and Aii). In ␣-cells, UCP2 was mainly localized to the mitochondria ( Fig. 2 Aiii and B and Fig. S1B ). Additionally, RT-PCR analysis showed that UCP2 mRNA expression relative to ␤-actin mRNA was much higher in ␣-TC6 compared with MIN6 cells (Fig. 2C) , whereas the levels of UCP1 and UCP3 mRNA were low in both cell types, suggesting that UCP2 is the predominant UCP expressed in islets. High levels of UCP2 expression were found in both ␣-and ␤-cells of human islets (Fig. S2 ). (Fig. 3 A and B) or selective expression of GFP in ␤-cells (Fig. S3A) . The change in glucose-induced ⌬⌿ m was significantly lower in UCP2 ϩ/ϩ vs. UCP2 Ϫ/Ϫ ␣-cells (P Ͻ 0.05, n ϭ 3) (Fig. 3B and Fig. S3A ). In contrast, there was no significant difference in glucose-driven ⌬⌿ m in ␤-cells (large or GFP-positive cells) isolated from UCP2 Ϫ/Ϫ and UCP2 ϩ/ϩ mice ( Fig. 3B and Fig. S3A ).
Permeabilized clonal ␣-cells (␣-TC6) and ␤-cells (MIN6) were used to test the effect of UCP2 activators 4-hydroxynonenal (HNE) and oleic (OA) or palmitic acid (PA) on ⌬⌿ m . HNE in the presence of Յ 75 M OA (or PA, data not shown) reduced ⌬⌿ m more efficiently in ␣-TC6 than in MIN6 cells (Fig. 3C) . Quantitatively, HNE significantly enhanced OA-mediated uncoupling in ␣-TC6 cells (P Ͻ 0.05, n ϭ 5), and this could be partially reversed by the prior addition of the UCP2 inhibitor, guanosine diphosphate (GDP) (Fig. 3D) . In contrast, ␤-cell (MIN6) mitochondria exhibited a much weaker response to GDP (Fig. 3D) .
To confirm the role of UCP2 in uncoupling in ␣-TC6 cells, ⌬⌿ m was measured in cells transfected with a specific siRNA against UCP2 (UCP2-siRNA) or a control-siRNA ( Fig. 4A and B) . In ␣-TC6 cells transfected with control-siRNA, OA significantly reduced ⌬⌿ m , which was further dissipated by HNE (P Ͻ 0.05, n ϭ 5) (Fig. 4C and Fig. S3Bi ). Prior addition of GDP significantly recovered the amount of fluorescence (P Ͻ 0.05, n ϭ 5). In contrast, cells transfected with UCP2-siRNA showed a weaker nonsignificant response to uncoupling modulators ( Fig. 4C and Fig. S3Bii ).
In line with the ⌬⌿ m results, the ATP/O ratio in control-siRNAtransfected ␣-TC6 cells was significantly decreased by OA and HNE (P Ͻ 0.001, n ϭ 5) (Fig. 5Ai) . In contrast, activation of UCP-mediated uncoupling did not affect the ATP/O ratio as much in UCP2-siRNA-transfected ␣-TC6 cells (Fig. 5Ai ) or MIN6 cells (Fig. 5Aii) , and the addition of GDP had no effect. State IV respiration, which is proton-leak dependent, was reduced by 25% in control-siRNA-transfected ␣-TC6 cells after the addition of GDP (P Ͻ 0.05, n ϭ 5) (Fig. 5B) . Conversely, in UCP2-siRNAtransfected cells, state IV respiration was basally lower (P Ͻ 0.05, n ϭ 5) and was not altered by the addition of GDP (Fig. 5B ). State III respiration, which occurs independent of UCP activity, was not different (13.5 Ϯ 1.93 and 13.7 Ϯ 1.83 nmol of O 2 per minute per milligram of protein in control-siRNA vs. UCP2-siRNAtransfected cells, n ϭ 5) (data not shown).
UCP2 Ϫ/Ϫ islets exhibited significantly higher basal ATP levels compared with UCP2 ϩ/ϩ islets when incubated in 2.8 mM glucose (Fig. 5Ci) . UCP2 ϩ/ϩ islets significantly reduced their cellular ATP levels (P Ͻ 0.05, n ϭ 4) after glucose withdrawal for 1h, indicating a metabolic response to reduced glucose oxidation. In contrast, ATP levels remained elevated in UCP2 Ϫ/Ϫ islets when glucose was switched from a high to a low concentration (n ϭ 6). ␣-TC6 cells transfected with control-siRNA did not show significant changes in their cellular ATP levels in response to changes in glucose concentration (Fig. 5Cii) . However, ␣-TC6 cells transfected with UCP2-siRNA showed significantly higher ATP levels compared with the control-siRNA-transfected cells under both high-and low-glucose conditions (P Ͻ 0.05, n ϭ 3, in triplicate) (Fig. 5Cii) , suggesting that UCP2 can reduce ATP generation in ␣-cells.
UCP2 Protein Expression Modulates Glucose-Regulated Glucagon Se-
cretion from Isolated Islets and ␣-TC6 Cells. Islets isolated from UCP2 Ϫ/Ϫ mice had elevated basal glucagon secretion in the presence of 25 mM glucose (HG) (Fig. 6A ). In addition, when compared with UCP2 ϩ/ϩ islets, UCP2 Ϫ/Ϫ islets displayed reduced glucagon secretion in response to 2.8 mM glucose (LG). Therefore, the ability of UCP2 Ϫ/Ϫ islets to secrete glucagon in response to changes in glucose concentration was diminished (1.05 Ϯ 0.14-fold vs. 3.75 Ϯ 0.15-fold in UCP2 ϩ/ϩ islets, P Ͻ 0.0001). Both UCP2 ϩ/ϩ and UCP2 Ϫ/Ϫ islets incubated with high (11 mM) or low (1 mM) glucose and the glucagon secretagogue L-arginine (10 mM) displayed significantly enhanced glucagon secretion compared with HG or LG alone, respectively (P Ͻ 0.01, n ϭ 6-7 animals). The stimulatory effect of arginine was modulated by glucose concentration; however, the increase was similar in UCP2 ϩ/ϩ islets and UCP2 Ϫ/Ϫ islets (Fig. 6A ). In keeping with a previous report (17) , ␤-cells from UCP2 Ϫ/Ϫ islets maintained sensitivity to glucose and secreted significantly more insulin in response to 25 mM glucose when compared with UCP2 ϩ/ϩ islets (Fig. 6B) . Similar results were obtained by using islets isolated from MIP-GFP-UCP2 Ϫ/Ϫ mice and confirmed that the lack of glucagon secretion was mouse-strain independent (data not shown).
The role of UCP2 in controlling glucagon secretion was evalu- ated by using ␣-TC6 cells transfected with UCP2-or controlsiRNA. Cells transfected with UCP2-siRNA had lower glucagon secretion when compared with control-siRNA cells at 2.8 mM glucose (Fig. 6C ), but secretion was similar at 25 mM glucose. There was no difference in the fasting plasma glucagon concentrations between UCP2 ϩ/ϩ and UCP2 Ϫ/Ϫ mice or total islet glucagon content (Fig. 6 D and E) . Arginine stimulation of glucagon secretion in vivo was not significantly different in UCP2 ϩ/ϩ or UCP2 Ϫ/Ϫ mice (Fig. S4) . The effect of UCP2 expression on pancreatic islet ␣-cell mass was also evaluated in UCP2 ϩ/ϩ and UCP2 Ϫ/Ϫ mice, and there was no difference in ␣-cell area per islet area (Fig. 6F ).
UCP2 Expression Affects Islet Cell Viability in Vitro.
Dispersed islets were incubated in medium containing 10% FBS (medium), no serum (LSHG), proinflammatory cytokines, or 0.5 mM palmitate (PA). Cell viability was determined using a DNAintercalating dye, ethidium monoazide (EMA) (22) , and was assessed in ␤-and non-␤-cells based on insulin-positive or insulin-negative staining, respectively. Under all treatment conditions, except in the presence of cytokines, the percentage of death in non-␤-cells from control UCP2 ϩ/ϩ islets was significantly lower than in the non-␤-cells from UCP2 Ϫ/Ϫ islets (Fig.   7Ai ). The maximal rate of death in ␤-cells was lower than in the non-␤-cells and only reached 8.6 Ϯ 3.1% in UCP2 ϩ/ϩ islets incubated in LSHG medium and 27.4 Ϯ 8.6% in UCP2 Ϫ/Ϫ cells incubated with cytokines. UCP2 ϩ/ϩ ␤-cells were more resistant to all death stimuli tested (Fig. 7Aii) .
UCP2-siRNA-transfected ␣-TC6 cells were more sensitive to serum starvation than control-siRNA cells. UCP2-siRNA cells showed a significantly slower growth rate over 3 days, whether they were seeded at a high or low density (11-28% reduction in cell viability, respectively, when compared with control-siRNA cells, P Ͻ 0.005) (Fig. 7B) . Western blot analysis indicated that serum starvation induced higher activation of caspase 3 in the UCP2-siRNA-transfected cells compared with control cells (Fig. 7C) . Discussion UCP2 mediates mitochondrial uncoupling, but its physiological function is unresolved in most cell types where it is expressed (23) . This study reveals that UCP2 was abundantly expressed in ␣-cells and that it was at a higher level than in ␤-cells. We then demonstrate that UCP2 functions as a mitochondrial uncoupler, regulating glucose-mediated changes in ⌬ m and ATP synthesis. Lack of UCP2 not only impaired glucose-coupled glucagon secretion, but also islet ␣-cell survival under normal physiological conditions and during metabolic stress.
In resting thymocytes, UCP2 accounts for Ն50% of all proton leaks observed (24), but its effects have not been fully characterized in other cell types. Glucose-dependent mitochondrial hyperpolarization in primary ␣-cells showed a greater dependence on UCP2 when compared with ␤-cells. The uncoupling effect of UCP2 was further confirmed in cultured ␣-TC6 cells when UCP2 expression was reduced by a specific siRNA. Similarly, ␣-TC6 cells were more responsive than MIN6 ␤-cells to UCP2 activators (OA and HNE) and displayed partial repolarization of ⌬⌿ m in the presence of the UCP2 inhibitor GDP. In addition, ␣-TC6 cells responded to these UCP2 activators by reducing ATP synthesis relative to oxygen consumption more significantly than cultured ␤-cells or cells transfected with UCP2-siRNA. Glucose metabolism triggers a lower rate of ATP generation and leads to a much smaller change in the ATP/ADP ratio in ␣-compared with ␤-cells, partially because of the prevalence of anaerobic glycolysis (25) . The current data suggest that this difference may also be because of a higher basal expression of UCP2 in ␣-cells, which functions to uncouple respi- Representative kinetic traces are shown in Fig. S3B . ration and reduce ATP production. This idea was further confirmed in islets isolated from UCP2 Ϫ/Ϫ mice and ␣-TC6 cells with UCP2 knockdown, which had significantly higher intracellular ATP levels when compared with UCP2 ϩ/ϩ islets and control ␣-TC6 cells.
The expression of UCP2 is modulated cell specifically. Fatty acids such as OA and PA up-regulate UCP2 expression in pancreatic ␤-cells (26), whereas cytokines regulate its expression in macrophages (27) , and hypoxia is a modulator in cardiomyocytes (28) . Interestingly, high levels of UCP2 expression were found in both ␣-and ␤-cells of human islets (Fig. S2) , possibly induced by stresses during isolation and transport. Although basally there is lower UCP2 expression in ␤-cells isolated from murine islets or MIN6 cells, its expression is enhanced by stressors such as PA, inflammatory cytokines, or serum starvation (Fig. S5) . The increased UCP2 expression correlates with previous data showing that UCP2 expression is up-regulated in ␤-cells isolated from the obesityrelated diabetes model ob/ob when compared with wild-type mice (17) . There is strong evidence that the induction of UCP2 reduces insulin secretion in islet ␤-cells, which is linked to its ability to adjust ⌬⌿ m and the cytoplasmic ATP/ADP ratio and is related to the regulation of the plasma membrane K ATP channel (17, 29) . Importantly, fatty acid oxidation in ␤-cells is critical for the activation of UCP2-mediated mitochondrial uncoupling and is associated with impaired GSIS and ROS production (15, 24, 30) . Recently, transgenic overexpression of UCP2 specifically in ␤-cells of mice fed a chow diet had no effect on plasma glucose, insulin, or in vivo GSIS (31) . Therefore, UCP2 likely plays a more prominent uncoupling role in ␤-cells when its expression is induced under pathological or stress conditions.
The principal role of plasma glucose and cytosolic ATP concentrations in the regulation of glucagon secretion is still a matter of debate (32) . ␣-cells possess K ATP channels that are identical to those in ␤-cells, but reports vary on the ability of glucose to inhibit ␣-cell K ATP channels (9, 33) . Recent data show that depolarizationinduced inhibition of rodent and human ␣-cell-glucagon release was associated with K ATP inhibition and a voltage-dependent inactivation of N-type voltage-dependent Ca 2ϩ channels when compared with L-type channel activation in ␤-cells (10) . This difference may explain the opposite secretory response to glucose in these two islet cell types. In the current study, null or reduced UCP2 expression resulted in significantly higher basal glucagon secretion and blunted secretion in response to a switch from high to low glucose. Possibly, the chronically elevated ATP levels observed in UCP2-deficient ␣-cells, even in the absence of glucose, could account for the lack of a response to low glucose. These data are in line with the model of glucagon secretion proposed by Macdonald et al. (10) , whereby elevated ATP levels would inhibit the K ATP channel and decrease glucagon secretion. The UCP2-deficient islets maintained their ability to secrete glucagon in response to L-arginine, which is suggested to electrogenically enter the cell, directly depolarize the plasma membrane, and cause an influx of Ca 2ϩ to stimulate secretion (32) . Therefore, L-arginine potentially bypasses the glucose-sensing defect in UCP2 Ϫ/Ϫ islets. These data suggest that UCP2 regulates glucagon secretion from ␣-cells by altering glucose metabolism coupling and ATP levels. However, in addition to ATP synthesis, UCP2 may modulate the transport of other substrates within mitochondria, such as pyruvate, that could also regulate glucagon secretion (34) . Additionally, inhibition of islet glucagon secretion from UCP2 Ϫ/Ϫ islets could be an indirect effect because of UCP2 deletion in ␤-cells causing enhanced intraislet insulin, ␥-aminobutyric acid, and/or Zn 2ϩ secretion (5) . Collectively, the data suggest that UCP2 plays a role in regulating glucagon secretion from ␣-cells and that glucose sensing directly modulates glucagon secretion.
In certain neurons, UCP2-mediated uncoupling activity is associated with decreased ⌬⌿ m , ROS production, and oxidative stress, maintaining neuron survival and mitochondrial biogenesis (18, 19) . However, a discrepancy exists regarding the cytoprotective role of UCP2 in different cell types and in response to different stimuli. For example, UCP2 does not protect macrophages from lipopolysaccharide/nitric oxide induced apoptosis (35) . Overexpression of UCP2 inhibits oxidative damage and related apoptosis in cultured hepatocytes (36) and ␤-cell lines (6, unpublished data). In the current study, deletion of UCP2 made dispersed ␣-cells more susceptible to death stimuli. Although it is uncertain which protective pathways are used, the data indicate that UCP2 may act through a growth-factor-related and/or fatty-acid-mediated pathway because UCP2 provided significant protection for islets from serum deprivation and PA. ROS may also play a role, but regulation of ROS production by UCP2 in ␣-cells is yet to be determined. Investigation of a few key molecules in related signaling pathways (e.g., PKB, mammalian target of rapamycin, and AMP-activated protein kinase) did not reveal any linkage between UCP2 and cytoprotection (unpublished data). Previous studies have suggested that nuclear factor-B is constitutively activated in UCP2-null cells including ␤-cells, although this observation varies according to cell type and was not investigated here in ␣-cells (27) . Deletion of UCP2 attenuated glucagon secretion from isolated islets, whereas total islet glucagon, fasting plasma glucagon concentrations, and the ability of ␣-cells to secrete glucagon in response to arginine in vivo were not significantly altered. Collectively, this data suggests that the lack of a net change in blood glucagon levels in UCP2 Ϫ/Ϫ mice may reflect chronic compensation to prevent hypoglucagonemia and hypoglycemia (30) . Glucagon secretion is under neuronal control via glucose-sensing neurons in the hypothalamic-pituitary axis (37) . A fall in blood-glucose levels is rapidly detected, and hypoglycemia is prevented via stimulation of epinephrine and glucagon secretion. Catecholamine secretion may be enhanced in UCP2 Ϫ/Ϫ mice, and therefore, when glucagon secretion from isolated islets is assessed, it is independent of this control and is attenuated. Similarly, i.v. injection of L-arginine might bypass any chronic adaption as arginine causes the rapid release (within 2 min) of glucagon, probably via enhanced intracellular Ca 2ϩ levels in the ␣-cell. Normoglucagonemia could also be achieved in vivo through an increase in ␣-cell mass, yet ␣-cell mass per pancreatic islet in UCP2 Ϫ/Ϫ mice was not significantly changed under the conditions tested. The increased susceptibility of UCP2 Ϫ/Ϫ -derived ␣-and ␤-cells to death stimuli ex vivo suggests that islet mass might have been reduced if the mice had been exposed to a stressor to stimulate cell death, such as starvation or a high fat diet. Collectively, UCP2 may play an important role in regulating ␣-cell mass in vivo under certain stress conditions, whereas under basal conditions, UCP2 Ϫ/Ϫ mice are able to compensate to maintain normal plasma levels of glucagon.
In summary, the present study reveals a fundamental role for UCP2 in ␣-cell function. In islets, expression of UCP2 is essential for preserving appropriate glucagon secretion in response to glucose and cellular responses to stress stimuli. Of particular importance is the finding that mitochondrial function and hormone secretion from ␣-cells is more responsive to UCP2 modulation when compared with ␤-cells. Abundant evidence suggests that hyperglucagonemia may play a key role in the development of hyperglycemia in type 2 diabetes (32) . Therefore, determining the upstream and downstream signaling events linking UCP2 to mitochondrial metabolism, glucagon secretion, and ␣-cell survival will be important.
Materials and Methods
Antibodies and Reagents. Polyclonal antisera directed against UCP2 (N-19 and C-20) were purchased from Santa Cruz Biotechnology. Mouse monoclonal antiglucagon (Sigma), rabbit polyclonal anti-human glucagon (Dako), guinea pig anti-swine insulin (Dako), fluorescein (FITC)-and cyanine (Cy5)-labeled secondary antibodies (Jackson ImmunoResearch), and anti-caspase 3 (Cell Signaling) were also used. Ethidium monoazide bromide (EMA) was purchased from Invitrogen. Cytokines (IL-1, TNF-␣ and IFN-␥) were from Chemicon. L-arginine and arginine monohydrochloride were from Sigma. Sodium oleate or palmitate (75 M) (Sigma) were complexed to fatty-acid-free BSA (Sigma) solution as described previously (38) . The approximate concentration of free fatty acid was 5 nM (39).
Animals and Islet Cell Lines. UCP2 Ϫ/Ϫ mice on a mixed C57BL/6/129 background were generated previously (17) . In the present study, UCP2 Ϫ/Ϫ mice were also bred with MIP-GFP transgenic mice in a CD1 background (kindly provided by M. Hara, University of Chicago, Chicago) (40) . Multiplex PCR was used to genotype mice (17) . The Animal Care Committee at the University of Toronto approved all animal protocols, and animals were handled according to the guidelines of the Canadian Council on Animal Care. Pancreatic cell lines MIN6 and ␣-TC6 cells were cultured in standard media. were obtained 72h after transfection and were used for functional analysis. All transfection experiments were n ϭ 5 with triplicates for each condition.
RT-PCR.
RT-PCR analysis was performed by using specific primer sequences that were reported previously (26, 41) and are described in detail in SI Materials and Methods.
Pancreatic Islet Isolation and Dispersion. Pancreatic islets were isolated as described previously (5, 26) and are described in detail in SI Materials and Methods.
Immunostaining and Immunofluorescence Confocal Microscopy. Cells were fixed with 4% paraformaldehyde in PBS for 15 min and washed once with PBS followed by permeabilization with 0.2% Triton X-100 in PBS at room temperature for 10 min. Cells were then incubated with blocking solution containing 5% BSA and 0.1% Triton X-100 in PBS at 4°C overnight. Subsequently, cells were incubated with primary antibodies (1:100, 1:4,000, and 1:200 for goat anti-UCP2, mouse anti-glucagon, and rabbit anti-insulin, respectively) for 16 h at 4°C. After washing, cells were stained with the secondary antibodies and mounted on slides with ProLong Gold antifade reagent (Invitrogen) and CLSM image analysis was performed.
Mitochondrial and Membrane Fractionation. Isolation of mitochondria from ␣-TC6 and MIN6 cells was performed based on differential centrifugation according to the procedure in the Mitochondrial Extraction Kit (Imgenex). The mitochondrial fraction was confirmed by staining with a mitochondrial staining solution. The subcellular membrane fractionation of ␣-TC6 and MIN6 cells was performed according to the protocol of the Qproteome cell compartment kit (Qiagen).
Parameters of Mitochondrial Metabolism. Mitochondrial metabolism was monitored by using conventional methods (fluorescent probes rhodamine 123 and safranin O for ⌬⌿ m, polarography for respiration, and luciferase assay for ATP synthesis) and are described in detail in SI Materials and Methods.
In Vitro Secretion Assays. Experiments were designed to optimize glucagon secretion by using isolated islets or cultured ␣-TC6 cells as described previously (5) . Insulin and glucagon content was measured by using RIA (5).
Pancreatic Islet Morphology. Pancreata were extracted from mice and fixed in 10% neutral buffered formalin for Ն48 h before being processed for islet morphology as previously described (42) .
Cell Viability Assays. To measure the viability of specific islet cells, a DNAphotocross-linking reagent EMA, was used. A mixed population of live and dead islets was incubated with 0.5 g/ml EMA for 10 min at room temperature, followed by illumination with a visible light source for 10 min. Cells were washed, fixed, and stained with insulin antibodies as described in the ''Immunostaining'' section. Wavelengths of 633 nm and 488 nm were used to detect the red and green signal from EMA and FITC, respectively, by CSLM. Cell proliferation and viability in cell lines were measured by using an XTT-based colorimetric assay, as described previously (5).
Statistical Analysis. Data are expressed as mean Ϯ SEM. Significance was determined using the Student's t test or one-way ANOVA with Tukey-Kramer or Dunn's multiple comparisons post test. P Ͻ 0.05 was considered statistically significant.
